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Chapter 1
The string landscape
and
low energy supersymmetry
Michael R. Douglas
Simons Center for Geometry and Physics
Stony Brook University
Stony Brook, NY 11794 USA
mdouglas@scgp.stonybrook.edu
We briefly survey our present understanding of the string landscape, and
use it to discuss the chances that we will see low energy supersymmetry
at the LHC.∗
1. The goal of fundamental physics
Max Kreuzer will be remembered as one of the true pioneers of string theory.
His untimely passing is a great loss for his family, for his many friends, and
for science. Although I did not know him as well as many of you, I was
fortunate to have the chance to co-organize a workshop with him here at
the ESI in 2008, and I am honored to join you today in celebrating his
many contributions to science.
Among these contributions, one which greatly influenced me, and which
has been admired by many of the speakers here, is his survey with Skarke
of the three dimensional Calabi-Yau toric hypersurfaces. This will be re-
membered as the first picture of the string landscape. While there were
glimmerings of its existence from other arguments, based on the cosmo-
logical constant problem, or generic properties of constructions involving a
large number of combinatorial choices, this work was based on a key as-
pect of string theory compactification which has not been transformed by
subsequent developments.
Particle physics is now at a turning point. The LHC has been operating
∗ This is a revised version of a contribution to Strings, Gauge Fields, and the Geometry
Behind - The Legacy of Maximilian Kreuzer, to be published by World Scientific.
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2 M. R. Douglas
for over a year now at 7TeV, and many results have been announced. In
December 2011, just before this was written, significant (though not con-
clusive) evidence for a Higgs boson at 125GeV was announced by both
ATLAS and CMS. On the other hand, there has been no evidence for any
non-Standard Model physics. In particular, colored gauginos, a signature
of low energy supersymmetry, have been excluded below about 500GeV.
Over the coming year, several times as much data (over 10 fb−1) will be
accumulated, realizing most of the discovery potential for runs at this en-
ergy. Afterwards, while supersymmetry (or other non-SM physics) might
still be discovered at LHC, this will require either the upgrade to 14TeV,
or many years of data taking and subtle analysis to uncover superpartners
which only have electroweak interactions, or perhaps both.
By now it is almost a truism that string theory makes no definite pre-
dictions for LHC physics, only suggestions for rather implausible scenarios
such as black hole creation, whose non-discovery would not falsify the the-
ory. This is not literally true as there are potential discoveries which would
give strong evidence against string theory,a but at present there is no reason
to expect them.
Even if we find no “smoking gun” which speaks directly for or against
the theory, there is a program which could someday lead to falsifiable pre-
dictions. It is to understand the landscape of string vacua, and derive a
probability measure on the set of vacua based on quantum cosmology. From
this, we can infer the probabilities that each of the various possibilities for
beyond the Standard Model, cosmological, and other fundamental physics
would come out of string theory. If future discoveries, and (to some extent)
present data come out as highly unlikely by this measure, we have evidence
against string theory under the assumed scenario for quantum cosmology.
This evidence might or might not be conclusive, but it would be the best
we could do with the information to hand.
This program is only being pursued by a few groups today and would re-
quire major advances in our understanding of both string theory and quan-
tum cosmology before convincing predictions could be made. My guess at
present is that twenty years or more will be needed, taking us beyond the
LHC era. Even then, it is likely that such predictions would depend on
hypotheses about quantum cosmology which could not be directly tested
and might admit alternatives. It is entirely reasonable that sceptics of the
landscape should reject this entire direction and look for other ways to un-
a This includes time-varying α,14 and probably faster-than-light neutrinos.
June 6, 2018 13:25 World Scientific Review Volume - 9in x 6in k4
The string landscape and low energy supersymmetry 3
derstand string theory, or for other theories of quantum gravity. At present
we do not know enough to be confident that they are wrong. Nevertheless
the evidence at hand leads me to think that they are wrong and that this
difficult path must be explored.
In this short note, I will briefly outline this program and how I see it
proceeding. Although it is clearly a long term project, after today’s sad
reminder that our individual existences are limited and that each of us must
still try to see as far as he or she can, I am going to go out on a limb and
argue that
String/M theory will predict that our universe has su-
persymmetry, broken at the 30 − 100TeV scale. If at the
lower values, we may see gluinos at LHC, while if at the
higher values, it will be very hard to see any evidence for
supersymmetry.
This is a somewhat pessimistic claim which far outruns our ability to actu-
ally make predictions from string theory. Nevertheless I am going to set out
the argument, fully realizing that many of the assumptions as well as the
supporting evidence might not stand the test of time. Indeed, we should
all hope that this is wrong!
To begin, we have to make the case that a fundamental theory should
allow us to make any predictions of this scope. This is not at all obvious.
Certainly most major scientific discoveries were not anticipated in any de-
tail. However the record in particle physics is far better, with examples
including the positron, neutrinos, the charm quark, the third generation of
quarks and leptons, the W and Z bosons, and as it now appears, the Higgs
boson. The framework of quantum field theory is highly constraining, and
this record of success is the evidence.
Of course, quantum field theory is only constraining within certain lim-
its. For example, there is no good argument which favors three generations
of quarks and leptons over four. There are many other consistent exten-
sions of the Standard Model which we might imagine discovering. Even
the basic structure of the Standard Model, its gauge group and matter
representation content, admits consistent variations. As things stand, it is
entirely reasonable to claim that this structure was a choice which could
not have been predicted a priori, and equally that the existence of as yet
undiscovered matter cannot be excluded a priori.
Quantum gravity is hoped to be more constraining, although there is no
consensus yet on whether or why this is true. In the case of string/M theory,
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we can benefit from over 25 years of work on string compactifcation. It is
clear that there are several different constructions based on the different
perturbative limits and compactification manifolds: heterotic on a Calabi-
Yau manifold, F theory, type II with branes, M theory on G2 manifolds.
Each involves many choices which lead to different outcomes for low energy
physics, and for this reason one cannot make definite predictions.
There is even an extreme point of view that (in some still vague sense)
“all” consistent low energy theories can be realized as string compactifica-
tions. This idea can lead in various directions: one can hope that consis-
tency will turn out to be a more powerful constraint in quantum gravity
than it was in quantum field theory.8 On the other hand, this does not
seem to be the case in six space-time dimensions.51 And so far, in four
dimensions, no-go results are surprisingly rare.
While there are too many compactifications to study each one individu-
ally, one can hope that a particular construction or class of compactification
would lead to some generic predictions. If the broad structure of the SM
or some BSM scenario came out this way, one might hypothesize that that
construction was preferred, and look for top-down explanations for this.
However no construction seems especially preferred at this point. For ex-
ample, it is simple to get grand unification out of the E8 × E8 heterotic
string. On the other hand, this construction does not naturally lead to
three generations of matter; even if we grant that the number of generations
must be consistent with asymptotic freedom, most choices of Calabi-Yau
manifold and bundle have other numbers of generations. Can one do bet-
ter? There are brane constructions which relate this ‘three’ to the number
of extra (complex) dimensions, but these do not realize grand unification.
Which is better?
It seems that any attempt to narrow down the possibilities will involve
this type of weighing of different factors, and this is a strong motivation to
systematize this weighing and make it more objective. While this would
seem like a very open-ended problem, in the context of string compacti-
fication there is a natural way to do it – namely, to count the vacua of
different types, and regard high multiplicity vacua as favored or “more
natural.” This includes the considerations of tuning made in traditional
naturalness arguments, and extends them to discrete and even qualitative
features such as numbers of generations or comparison of different super-
symmetry breaking mechanisms. The basic outlines of such an approach
are set out in Ref. 36, and have led so far to a few general results which
we will survey below. One can imagine continuing this study along formal,
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top-down lines to develop a quantitative picture of the landscape.
While this sort of information seems necessary to proceed further, by
itself it is not going to lead to convincing predictions. I like the analogy to
the study of solutions of the Schro¨dinger equation governing electrons and
nuclei, better known as chemistry.35 The landscape of chemical molecules
is very complicated, but one could imagine deducing it ab initio and work-
ing out a list of long-lived metastable compounds and their properties.
However, in any real world situation (both on earth, and in astronomy),
the number density of the various molecules is very far from uniform, or
from being a Boltzmann distribution. One needs some information about
the processes which created the local environment, be it the surface of the
earth, the interior of a star, or whatever, to make any ab initio estimate
of this number density. Conversely, we see in astrophysics that fairly sim-
ple models can sometimes lead to useful estimates. One can then make
statements about “typical molecules,” meaning typical for that local envi-
ronment, on purely theoretical grounds.
While one cannot push this analogy very far, I think it confirms the
point that we need some information about the processes which created our
vacuum as one of the many possibilities within the landscape, to estimate
a measure and make believable predictions. Doing this is a primary goal
of quantum cosmology and has been discussed for over 30 years. The first
question is whether one needs the microscopic details of quantum gravity
to do this, or whether general features of quantum gravity suffice. There
is a strong argument, based on the phenomenon of eternal inflation, that
the latter is true, so that one can ask the relevant questions and set up a
framework to answer them without having a microscopic formulation. Of
course, their answers might depend on microscopic details; for example one
needs to know which pairs of vacua are connected by tunnelling processes,
and this depends on the structure of configuration space. Anyways, these
general arguments are well reviewed in Refs. 44,52,59.
Quantum cosmology is a contentious subject in which I am not an ex-
pert. However, within the eternal inflation paradigm, starting from a vari-
ety of precise definitions for the measure factor and using the presence of
many exponentially small numbers in the problem, one obtains a fairly sim-
ple working definition, the “master” or “dominant” vacuum ansatz.41,46,56
This states that the a priori measure is overwhelmingly dominated by the
longest lived metastable de Sitter vacuum. The measure for other vacua is
given by the tunnelling rate from this “master” vacuum, which to a good
approximation is that of the single fastest chain of tunnelling events.
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Although the measure is dominated by the master vacuum, it is a priori
likely (and we will argue) that observers cannot exist in this vacuum – it is
not “anthropically allowed.” While there are many objections to anthropic
postselection, they have been well addressed in the literature, and we will
not discuss them here. Nevertheless we must take a position on what an-
thropic postselection should mean in practice. The philosophically correct
definition that a vacuum admit observers is impossible to work with, while
simpler proxies such as entropy production20 have not yet been developed
in the detail we need for particle physics.
In practice, the anthropically allowed vacua will be those which realize
the Standard Model gauge group, and the first family of quarks and leptons,
with parameters roughly the ones we observe. It is not obvious that even
these are all anthropically selected; for example Ref. 47 argues that one
does not even need the weak interactions!b Conversely, while the precise
values of quark masses are not usually considered to be selected, given the
plethora of fine tunings in chemistry, it might well be that life and the
existence of observers is much more dependent on the specific values of
these parameters than it first appears.
Besides these questions of detail, any definition of anthropic selection
suffers from the objection that it is time dependent and would be different
in 1912 or 2112 than in 2012. While this is so, we would reply that all we
can do in the end is to test competing theories with the evidence to hand,
and one can try out all the variations on this theme in order to do this. It is
quite reasonable to expect our evidence to improve with time, and perhaps
our understanding of the anthropic constraints will improve as well.
Granting that the master vacuum is not anthropically allowed, the mea-
sure we are interested in is thus the “distance” in this precise sense (defined
using tunnelling rates) from the master vacuum, restricted to the anthrop-
ically allowed vacua. Clearly it is important to find the master vacuum,
and one might jump to the conclusion that string theory predicts that we
live in a vacuum similar to the master vacuum. However, because of the
anthropic constraint, whether this is so depends on details of the tunnelling
rates. The main constraint is that one needs to reach a large enough set
of vacua to solve the cosmological constant problem. The more tunnelling
events required to do this, and the more distinct the vacua they connect, the
more disparate a set of vacua will fall into this category, and the weaker the
b Even granting this point, the need to get several quarks and leptons with similar small
nonzero masses is far more easily met by a chiral theory such as the Standard Model,
than a vector-like weakless theory.
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predictions such an analysis would lead to. Somewhat counterintuitively, if
the master vacuum admits many discrete variations, then there are more
nearby vacua and one does not need to go so far to solve the cosmological
constant problem. If this set of vacua includes anthropically allowed vacua,
then these would be favored and one can imagine getting fairly definite
predictions.
One can already make some guesses for where to look for the master
vacuum in the string landscape, as we will describe. Continuing in this
speculative vein, we will argue that this favors “local models” of the SM
degrees of freedom, and supersymmetry breaking driven by dynamics else-
where in the extra dimensions, gravitationally mediated to the SM. This
is a much-discussed class of models and, as we discuss in section 3, a key
problem which limits their ability to solve the hierarchy problem is the cos-
mological moduli problem, which seems to require supersymmetry breaking
at or above around 30TeV. Still, compared to the GUT or Planck scales,
this is a huge advantage, and thus we predict low energy susy but with
superpartners around this scale.
The argument we just gave is not purely top-down and is closely related
to the familiar arguments that if low energy supersymmetry were the solu-
tion to the hierarchy problem, we should see superpartners in the current
LHC runs. My phenomenology is rather sketchy and there are many other
scenarios that would need to be considered to make a convincing argument.
But the point here is to illustrate the claim that with some additional input
from the string theory landscape, allowing us to compare the relative like-
lihood of different tuned features, we could make such arguments precise.
2. Low energy supersymmetry and current constraints
Most arguments for “beyond the Standard Model” physics are based
on its potential for solving the hierarchy problem, the large ratio be-
tween the electroweak scale MEW ∼ 100GeV and higher scales such as
MPlanck ∼ 10
19GeV or MGUT ∼ 10
16GeV. Low energy supersymmetry
is a much-studied scenario with various circumstantial arguments in its
favor. Theoretically, it is highly constraining and leads to many generic
predictions, most importantly the gauge couplings of superpartners. This
is why LHC already gives us strong lower bounds on the masses of colored
superpartners, especially the gluino.
If there is a 125GeV Higgs, this turns out to put interesting constraints
on supersymmetric models. Recent discussions of this include Refs. 5,11,45,
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the talk at Ref. 9, and Ref. 4 which reviews a line of work which influenced
my thoughts on these questions.
A broad brush analysis of the hierarchy problem can be found in Ref. 15.
Its solution by low energy supersymmetry can be understood by restricting
attention to a few fields, most importantly the top quark and its scalar
partner the ‘stop’. In general terms, top quark loops give a quadratically
divergent contribution to the Higgs mass, which is cut off by stop loops.
This leads to the rough estimate
δM2H1 ∼ 0.15M
2
ST log
ΛSUSY
MST
, (1)
where MH1 is the mass of the Higgs which couples to the top, ΛSUSY ≡
M3/2 is the supersymmetry breaking scale and M
2
ST is the average stop
mass squared.
The strongest sense in which supersymmetry could solve the hierarchy
problem would be to ask, not just thatMH comes out small in our vacuum,
but that it comes out small in a wide variety of vacua similar to ours; in
other words all contributions to MH are of the same order so that no fine
tuning is required. This is called a natural solution and from Eq. (1) it
requires
MST ∼MH
in a fairly strong sense (for example Ref. 21 estimates MST . 400GeV),
Although this might sound like it is already ruled out, the stop cross section
is quite a bit smaller than that of the gluino, and there are even scenarios
in which the lightest stop is hard to find because it is nearly degenerate
with the top.
While ΛSUSY ∼ MEW as well, there are many different types of su-
persymmetry breaking and this does not in itself require the gluino to be
light. But one can get a much stronger constraint by assuming that MST
is naturally low as well, as it gets mass renormalization from gluon and
gluino loops. Assuming that there are no other colored particles involved,
this leads to an upper bound on the gluino mass21
Mg˜ . 2MST .
Thus, LHC appears to be on the verge of ruling out a wide variety of natural
models similar to the MSSM.
These low bounds on the masses of superpartners in natural models
were already problematic before LHC for a variety of reasons, but most
importantly because of the difficulty of matching precision measurements
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in the Standard Model. The longest standing problem here is the absence
of flavor changing processes other than those mediated directly by the weak
interactions, which translates into lower bounds for the scale of much new
physics of Λ & 10− 100TeV !
Assuming the superpartners are not found below 1TeV, a reasonable
response is to give up on naturalness and accept some tuning of the Higgs
mass. The cleanest such scenario is to grant the standard structure of low
energy supersymmetry, but push it all up to the 10− 100TeV scale. Thus,
all of the superpartners and the Higgs bosons would a priori lie in the range
0.1− 1 times ΛSUSY , but we then postulate an additional 10
−4− 10−6 fine
tuning of one of the Higgs boson masses. At first sight this has the problem
that we lose the WIMP as a candidate dark matter particle. However,
because the gauginos have R charge and the scalars do not, it is natural for
them to get a lower mass after supersymmetry breaking.
In a bit more detail, one very generally expects irrelevant interactions
between the supersymmetry breaking sector and the Standard Model sector
to produce soft masses for all the scalars of order ΛSUSY = M3/2. In the
original supergravity models, this scale was set to MEW , but this leads to
many lighter particles and by now has been ruled out. One way to try to
fix this is gauge mediation, in which other interactions provide larger soft
masses. As far as the SM is concerned this may be good, but it suffers
from the cosmological moduli and gravitino problems we will discuss in
§3. One can instead try to work with ΛSUSY ≫ MEW , and argue that
the naive expectations for the soft masses are incorrect. There are many
ideas for this, such as sequestering55 (see Ref. 17 for a recent string theory
discussion), focus point models,40 intersection point models,39 and others.
Clearly it would be important if a generic mechanism could be found, but
as yet none of these have found general acceptance. Thus we accept the
generic result M0 ∼ ΛSUSY for scalar masses. However, the gaugino soft
masses have other sources and, as we will discuss below, can be smaller.
The extreme version of this scenario is split supersymmetry,6,7 in which
the scalars can be arbitrarily heavy while all fermionic superpartners are
light. In any case, although MH is tuned, it is essentially determined by
the quartic Higgs coupling and the Higgs vev, which we know from MZ . If
the underlying model is the MSSM, then since the quartic Higgs coupling
comes from a D term, it is determined by the gauge couplings and we get
a fairly direct prediction for the Higgs mass. As is well known, at tree level
there is a bound M2H ≤ M
2
Z , and one must call on Eq. (1) just to satisfy
the LEP bound MH > 113GeV. There has been much recent discussion
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of the difficulty of getting MH ∼ 125GeV to come out of the MSSM in a
natural way.5,9,11,45
If MH is fine tuned, the loop contribution Eq. (1) is no longer directly
measurable. However there is a similar-looking constraint coming from the
running of the quartic Higgs coupling, of the general formc
M2H ∼M
2
Z cos
2 2β +
3g2M4top
16pi2 sin2 βM2W
log
ΛSUSY
Mtop
. (2)
In fact, for MH = 125GeV, this turns out to predict ΛSUSY ∼ 100TeV.
This prediction is not robust; for example by postulating another scalar
which couples to the Higgses through the superpotential (the NMSSM),
or an extra U(1), one can change the relation between the Higgs quartic
coupling and the gauge coupling. Such modifications will affect the Higgs
branching ratios, so this alternative will be tested at LHC in the coming
years.
Within this scenario, the key question for LHC physics is whether we
will see the gauginos. There are many models, such as anomaly media-
tion,12,43,55 in which the expected gaugino mass is
Mχ ∼
β(g)
2g2
ΛSUSY . (3)
where β(g) is the exact beta function. This prefactor is of order 10−2 for the
neutralinos, so we again have a dark matter candidate if ΛSUSY ∼ 100TeV.
For the gluino, it is ∼ 1/40 and thus we are right at the edge of detection at
LHC-14. With ΛSUSY ∼ 30TeV we would have gluino massM3 ∼ 750GeV
which should be seen very soon.
Note that there are other string compactifications with large gaugino
masses.d The relevant contribution is F a∂af where F
a is an F -term and
f is a gauge kinetic term. Thus, gaugino masses will be large if the su-
persymmetry breaking F terms are in fields, such as the heterotic string
dilaton, whose expectation values strongly affect the observed gauge cou-
plings. This is a question about the supersymmetry breaking sector which
must be addressed top-down; in section 6 we will suggest that small masses
are preferred.
It would be very valuable from this point of view to know the lower limit
on ΛSUSY in these scenarios, as all other things being equal, by natural-
c This is a bit simpified, and the precise expression depends on ones’ assumptions, see
for example Refs. 6,11. The main difference with Eq. (1) is that one has put in the
observed electroweak parameters and thus accepted the possibility of tuning.
dI thank Bobby Acharya, Gordy Kane and Gary Shiu for discussions on this point.
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ness it seems reasonable to expect the lower limit (we will discuss stringy
naturalness later).
3. The gravitino and moduli problems
It has been known for a long time that light, weakly coupled scalars can be
problematic for inflationary cosmology.26 Because of quantum fluctuations,
on the exit of inflation they start out displaced from any minimum of the
potential, leading to the possible “overshoot” of the desired minimum, and
to excess entropy and/or energy.
In string/M theory compactification, moduli of the extra dimensional
metric and other fields very generally lead after supersymmetry breaking
to scalar fields with gravitational strength coupling and massM ∼ ΛSUSY ,
making this problem very relevant.13,24 For M ∼ 1TeV, such particles will
decay around T ∼M2Planck/M
3 ∼ 103 sec. This is very bad as it spoils the
predictions for abundances of light nuclei based on big bang nucleosynthesis,
which takes place during the period 0.1 . T . 100 sec. One needs such
particles to be either much lighter, or much heavier, so that they decay at
T << 0.1 sec. One can also increase their couplings so that their decay
reheats the universe well above the scale of nucleosynthesis – see Ref. 2 for
a recent proposal of this type. There is a closely related constraint from
gravitino decay,38 which also can be solved this way.
Although not proven, it is quite generally stated that this constraint
forces the moduli masses to satisfy
Mmoduli & 30TeV. (4)
This may not a priori require ΛSUSY & 30TeV, as there are other ways
to lift moduli masses. For example, fluxes can give masses to moduli while
preserving supersymmetry.36,42 On the other hand, the structure of the
N = 1 supergravity potential makes it generic to have at least one scalar
with M . M3/2, as shown in Refs. 3,29. This is a scalar partner of the
goldstino and it need not have gravitational strength interactions, but if
supersymmetry breaking takes place in a hidden sector this will often lead
to a constraint. In addition, the gravitino has M = M3/2 by definition. If
one is going to call on reheating or other physics to solve these problems,
it is simplest and probably most generic for the problematic particles to be
associated with a single energy scale.
These various considerations all suggest that
ΛSUSY =M3/2 & 30TeV. (5)
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This is an extremely strong constraint which very much disfavors the natu-
ral solutions to the hierarchy problem, and is independent of the arguments
we gave in the previous section. This is widely recognized and thus there
has been a major effort to search for generic ways out or at least loopholes
to this bound. On the other hand, even if there are loopholes, the bound
still might be generic. In the context of the string landscape, the correct
attitude would then be to accept it as preferred, also allowing the vacua
(and cosmological histories) which realize the loophole, but weighing them
by appropriate tuning factors. We will begin this discussion below.
Perhaps the main reason that Eq. (5) has not been more widely accepted
is that there is no direct evidence at this point for the significance of the
energy scale 30 − 100TeV. This is of course related to the lack of direct
evidence for supersymmetry, so perhaps we should not be too bothered by
this, but we should ask for some more fundamental reason why ΛSUSY ∼
30 − 100TeV should be preferred. Later we are going to argue this from
stringy naturalness, essentially that ΛSUSY should take the lowest possible
value consistent with anthropic constraints.
A weaker but more general claim, less dependent on anthropic con-
straints, is that the cosmological moduli problem will always favor a “little
hierarchy” between the mass scale of “normal” matter and the supersym-
metry breaking scale. Let us start from a more general statement of the
problem – it is that important cosmological physics (in our universe, BBN)
takes place at a temperature just below the mass of normal matter, and
thus moduli (and the gravitino) must decay well before this happens and/or
reheat the universe above this temperature. Thus, we have
Treheat > cMmatter (6)
with a constant c ∼ 10−3 − 10−1. Given Treheat ∼ ΛSUSY /M
1/2
Pl , this
implies
Λ3SUSY > cMPlanckM
2
matter (7)
and the large hierarchy MPlanck ≫Mmatter forces ΛSUSY ≫Mmatter, but
only as the one-third power of MPlanck/Mmatter and suppressed by the
constant c.
An even more broad brush way of arguing would be to say that infla-
tionary cosmology is already difficult enough to make work at each of the
relevant scales (the matter/BBN scale, the electroweak scale and now the
supersymmetry breaking scale) that one should expect at least little hier-
archies between these various scales just to simplify the problem. Whether
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this simplicity is of the type that Occam would have favored, or whether it
has any relevance for stringy naturalness, remains unclear.
4. The set of string vacua
The broad features of string compactification are described in Ref. 36 and
many other reviews. We start with a choice of string theory or M the-
ory, of compactification manifold, and of the topological class of additional
features such as branes, orientifolds and fluxes. We then argue that the
corresponding supergravity or string/M theory equations have solutions,
by combining mathematical existence theorems (e.g. for a Ricci flat metric
on a Calabi-Yau manifold), perturbative and semiclassical computations of
corrections to supergravity, and general arguments about the structure of
four dimensional effective field theory.
Perhaps the most fundamental distinction is whether we grant that our
vacuum breaks N = 1 supersymmetry at the compactification (or “high”)
scale, or whether we can think of it as described by a four dimensional
N = 1 supersymmetric effective field theory, with supersymmetry breaking
at a lower scale. Almost all work makes the second assumption, largely be-
cause there are no effective techniques to control the more general problem,
nor is there independent evidence (say from duality arguments) that many
high scale vacua exist. Early work suggesting that such vacua were simply
the large ΛSUSY limit of the usual supersymmetric vacua
34,58 was quickly
refuted by a more careful analysis of supersymmetry breaking.29
A heuristic and probably correct argument that this type of nonsuper-
symmetric vacuum is very rare is that stability is very difficult to achieve
without supersymmetry – recently this has been shown in a precise sense for
random supergravity potentials.53 There are many versions of this ques-
tion, some analogous and some dual, such as the existence of Ricci flat
metrics without special holonomy, and the existence of interacting confor-
mal field theories without supersymmetry. We will assume that metastable
nonsupersymmetric vacua are not common enough to outweigh their disad-
vantages; of course, if a large set of them were to be discovered, this would
further weaken the case for low energy supersymmetry.
Another context in which nonsupersymmetric vacua might be very im-
portant is for the theory of inflation. A natural guess for the scale of
observed inflation is the GUT scale, in other words the compactification
scale. The requirement of near-stability is still very constraining, however,
and almost all work on this problem assumes broken N = 1 supersymme-
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try as well. Since the inflationary trajectory must end up in a metastable
vacuum, it is hard to see how it could be very different from this vacuum
anyways.
Granting the need for 4d N = 1 “low scale” supersymmetry (here mean-
ing compared to the string theoretic scales), each of the five 10d string
theories as well as 11d supergravity have a preferred extra dimensional
geometry which leads there. Some theories (such as type I and SO(32)
heterotic) disfavor the Standard Model, but other extra dimensional in-
terpretations (such as F theory) were developed, leading to this table:
heterotic M theory M theory F theory
(CY threefold) (G2 manifold) (CY fourfold)
...
...
...
E8 × E8 string IIa string with D6 IIb string with D3, D7
The arrangement reflects the duality relations between the theories, with
the vertical axis corresponding to adding an extra dimension, while the
horizontal axis allows various dualities depending on the fibration structure
of the manifolds involved (heterotic-IIa, mirror symmetry, and others).
Within each of these constructions, one can make fairly concrete pictures
of the sources of gauge symmetry, matter and the various interactions, as
arising from higher dimensional gauge fields and their fermionic partners
(possibly living on branes), wave function overlaps or brane intersections,
and instantons. These lead to generic predictions such as the presence
or absence of grand unification and certain matter representations, but in
general there is a lot of freedom to realize the Standard Model and a wide
variety of additional matter sectors.
An important distinction can be made between “global” models such
as heterotic string compactification, and “local” models such as F theory.
In a global model, realizing chiral matter requires postulating structure on
the entire extra dimensional manifold. By contrast, in a local model, chiral
matter can be realized at the intersection of branes which are contained in
some arbitrarily small subregion of the manifold. This is nontrivial because
chiral matter can only be realized by brane intersections which (in a certain
topological sense) span all of the extra dimensions.18 While naively this
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makes local models impossible, and on simple topologies such as an n-torus
they would be impossible, they are possible in more complicated geometries
such as resolved orbifolds and elliptic fibrations.
Local models tend not to realize gauge unification, and in the simplest
examples cannot realize the matter representations required for a GUT,
such as the spinor of SO(10). These two problems were more or less over-
come by the development of F theory local models.16,33 F theory is also
attractive in that one can more easily understand the other constructions by
starting from F theory and applying dualities, than the other way around.
It was suggested in Ref. 16 that local models should be preferred be-
cause they admit a consistent decoupling limit. Essentially, this is a limit in
which one takes the small subregion containing the local model to become
arbitrarily small. Because observable scales (the Planck scale and the scale
of matter) tend to be related to scales in the extra dimensions, it is more
natural to get hierarchies in this limit. At present the status of this argu-
ment is extremely unclear, as it is generally agreed that global models can
realize hierarchies through dynamical supersymmetry breaking and other-
wise. Later we will discuss a different, cosmological argument that might
favor local models.
Because of the dualities, and the existence of topology changing tran-
sitions in string/M theory, the usual picture is of a single “configuration
space” containing all the vacua and allowing transitions (perhaps via chains
of elementary transitions) between any pair of vacua. Only special cases
of this picture have been worked out; for example it has long been known
that all of the simply connected Calabi-Yau threefolds are connected by
conifold transitions. More recently, “hyperconifold transitions” were intro-
duced which can change the fundamental group,27,28 but it is not known
whether these connect all the non-simply connected threefolds.
It is very important to complete this picture and develop concrete ways
to represent and work with the totality of this configuration space. Even
its most basic properties, such as any sense in which it is finite, are not
really understood. Various ideas from mathematics can be helpful here;
in particular there is a theory of spaces of Riemannian manifolds in which
finiteness properties can be proven, such as Gromov-Cheeger compactness.
Very roughly, this says that if we place a few natural restrictions on the
manifolds, such as an upper bound on the diameter (the maximum distance
between any pair of points), then the space of possibilities can be covered
by a finite number of finite size balls. These restrictions can be motivated
physically and lead to a very general argument that there can only be a
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finite number of quasi-realistic string vacua;1 however this does not yet lead
to any useful estimate of their number.
Given the topological choices of manifolds, bundles, branes and the like,
one can often use algebraic geometry to form a fairly detailed picture of a
moduli space of compactifications with unbroken N = 1 supersymmetry.
Various physical constraints, of which the simplest is the absence of long
range “fifth force” corrections to general relativity, imply that the scalar
fields corresponding to these moduli must gain masses. To a large extent,
this so-called “moduli stabilization” problem can be solved by giving the
scalars supersymmetric masses. For example, background flux in the ex-
tra dimensions can lead to a nontrivial superpotential depending on the
moduli with many supersymmetric vacua.42 The many choices of flux also
make the anthropic solution of the cosmological constant problem easy to
realize.19 Moduli stabilization also determines the distribution of vacua in
the moduli space, and thus the distribution of couplings and masses in the
low energy effective theory. One can make detailed statistical analyses of
this distribution, which incorporate and improve the traditional discussion
of naturalness of couplings.36
While supersymmetric effects lift many neutral scalars, it is not at all
clear that it generically lifts all of them, satisfying bounds like Eq. (4) before
taking supersymmetry breaking into account. Explicit constructions such
as that of Ref. 48 are usually left with one or more light scalars, and as we
discussed earlier one can argue that this is generic.3,29
Another important point which is manifest in the flux sector is what I
call the “broken symmetry paradox.” Simply stated, it is that in a land-
scape, symmetry is heavily disfavored. One can already see this in chemistry
– while the Schro¨dinger equation admits SO(3) rotational symmetry, and
this is very important for the structure of atomic and molecular orbitals,
once one shifts the emphasis to studying molecules, this symmetry does
not play much role. While a few molecules do preserve an SO(2) or dis-
crete subgroup, the resulting symmetry relations rarely have qualitatively
important consequences beyond a few level degeneracies, and it is not at all
true that molecules with symmetry are more abundant or favored in any
way in chemical reactions.
It was shown in Ref. 31 that discrete R symmetries are heavily disfa-
vored in flux compactification, and the character of the argument is fairly
general. Suppose we want vacua with a ZN symmetry; then it is plausible
that of the various parameters of some class of vacua including a symmetric
point, that order 1/N of them will transform trivially, and order 1/N will
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each transform in one of the N − 1 nontrivial representations. But, since
the number of vacua is exponential in the number of parameters, symmetry
is extremely disfavored. While one can imagine dynamical arguments that
would favor symmetry, since these tend to operate only near the symmetric
point, it is hard to see them changing the conclusion.
One virtue of this observation is that it helps explain away the gap be-
tween the many hundreds or thousands of fields of a typical string compact-
ification (especially, the ones with enough vacua to solve the c.c. problem)
and the smaller number in the Standard Model, as symmetry breaking will
get rid of nonabelian gauge groups and generally lift fields. But it is very
different from the usual particle physics intuition.
5. Eternal inflation and the master vacuum
The wealth of disparate possibilities coming out of string compactification
combined with the relative poverty of the data seem to force us to bring in
extra structure and constraints to help solve the vacuum selection problem
and test the theory. This will probably remain true even were we to discover
many new particles at LHC.
A good source of extra structure is cosmology, both because there is
data there, and because some of the key particle physics questions (such
as low energy supersymmetry) can have cosmological consequences (such
as WIMP dark matter). In addition to these more specific hints, as we
discussed in the introduction, we have real world examples of landscapes
and we know there that the dynamics which forms metastable configura-
tions plays an absolutely essential role in preferring some configurations
over others. It is entirely reasonable to expect the same here.
A very worrying point is that the dynamics of chemistry, and even big
bang nucleosynthesis, is highly nonlinear and depends crucially on small
energy differences. The problem of deducing abundances ab initio, without
experimental data, is completely intractable. While this might be true of
the string landscape as well, in fact the most popular scenario appears to
be much simpler to analyze, as the central equations are linear.
This is the idea of eternal inflation, reviewed in Refs. 44,52,59 and else-
where. There is a good deal of current work on bringing this into string
theory. While I am not an expert, this seems to have two main thrusts. One
is to find microscopic models of inflation or, even better, a gauge dual to
inflation analogous to AdS/CFT. The other is to try to make the framework
well enough defined to be able to make predictions, by deriving a measure
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factor on the set of vacua. We will simply cite Ref. 41 for a review of
the status of this field and move to discussing the concrete prescription we
already quoted in the introduction,56 which we call the “master vacuum”
prescription:
The measure factor is overwhelmingly dominated by the longest
lived metastable de Sitter vacuum. For other vacua, it is given
by the tunnelling rate from this “master” vacuum, which to a
good approximation is that of the single fastest chain of tun-
nelling events.
Once we have convinced ourselves of this, evidently the next order of
business is to find the master vacuum. For some measure prescriptions, this
would be an absolutely hopeless task. For example, suppose we needed to
find the metastable de Sitter vacuum with the smallest positive cosmologi-
cal constant. By arguments from computational complexity theory,30 this
problem is intractable, even for a computer the size of the universe!
The problem of finding the longest lived vacuum in this prescription
could be much easier. A large and probably dominant factor controlling the
tunnelling rate out of a metastable vacuum is the scale of supersymmetry
breaking.25,32 The intuitive reason is simply that supersymmetric vacua are
generally stable, by BPS arguments. Thus, a reasonable guess is that the
master vacuum is some flux sector in a vacuum with the smallest ΛSUSY .
The actual positive cosmological constant is less important, both because
this factor cancels out of tunnelling rates in the analysis of the measure
factor, and because there are so many choices in the flux sector available
to adjust it. The relation to ΛSUSY also makes it very plausible that the
master vacuum is not anthropically allowed.
The question of how to get small ΛSUSY deserves detailed study, but it
is a very reasonable guess that this will be achieved by taking the topology
of the extra dimensions to be as complicated as possible, and even more
specifically by an extra dimensional manifold with the largest possible Euler
number χ. Of course it is intuitively reasonable that complexity allows for
more possibilities and thus more extreme parameter values, but there is a
more specific argument which we will now explain.
The first observation is that ΛSUSY is a sum of positive terms (the sum
in quadrature of D and F breaking terms) and thus cannot receive cancella-
tions, so one is simply trying to make the individual D and F terms small.
If we imagine doing this by dynamical supersymmetry breaking driven by
an exponentially small nonperturbative effect, then the problem is to re-
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alize a supersymmetry breaking gauge theory with the smallest possible
coupling g2N at the fundamental scale. This coupling is determined by
moduli stabilization, and is typically related to ratios of coefficients in the
effective potential. These coefficients can be geometric (intersection num-
bers, numbers of curves, etc.) or set by quantized fluxes. To obtain a small
gauge coupling, we want these coefficients to be large.
In both cases, the typical size of the coefficients is controlled by the
topology of the extra dimensions. For example, the maximum value of a
flux is determined by a tadpole or topological constraint, which for F theory
on a Calabi-Yau fourfold is
ηijN
iN j +ND3 =
1
24
χ. (8)
Here the N i are integrally quantized values of the four-form flux, ηij is a
symmetric unimodular intersection form, and ND3 is the number of D3-
branes sitting at points in the extra dimensions. The fluxes N i are max-
imized by taking χ large and ND3 small, allowing large ratios of fluxes.
Although the other geometric quantities are much more complicated to
discuss, it is reasonable to expect similar relations.
Thus, we might look for the master vacuum as an F theory compactifi-
cation on the fourfold with maximal χ, which (as far as I know) is the hy-
persurface in weighted projective space given in Ref. 50 with χ = 24 ·75852.
This compactification also allows a very large enhanced gauge group with
rank 60740, including 1276 E8 factors.
22
With this large number of cycles, the number of similar vacua obtained
by varying fluxes and other choices should be so large, 1010000 or even
more, that the nearby vacua which solve the c.c. problem will be similar,
answering the question of predictivity raised in the introduction. But the
complexity of this compactification suggests that it might not be easy to find
the precise moduli and fluxes leading to the master vacuum. Before doing
this, we need to refine the measure factor prescription, for the following
reason. As stated, it assumes there is a unique longest lived vacuum. Now
it is true that supersymmetry breaking will generate a potential on the
moduli space so that de Sitter vacua will be isolated, but with this very
small ΛSUSY these potential barriers will be incredibly small. At the very
least, one expects the tunnelling rates to other vacua on (what was) the
moduli space to be large. It might be a better approximation to regard
the “master vacuum” as a distribution on this moduli space given by a
simple probability measure, perhaps uniform or perhaps a vacuum counting
measure as in Ref. 36.
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The interesting tunnelling events, towards anthropically allowed vacua,
would be those which increase the scale of supersymmetry breaking. One
might imagine that supersymmetry breaking will be associated with a single
matter sectore (i.e. a minimal set S of gauge groups such that no matter
is charged under both a group in S and a group not in S) and that these
tunnelling events will affect only this sector. But since the masses of charged
matter depend on moduli, in parts of the moduli space where additional
matter becomes light, one could get tunnelling events which affect other
sectors as well. We will suggest a more intuitive picture of this dynamics
in the next section.
Much is unclear about this picture. One very basic assumption is that
we can think of the cosmological dynamics using a 4+ k-dimensional split,
though of course space-time can be much more complicated. Better justi-
fication of this point would require a better understanding of inflation in
string compactification. If this can only be realized granting such a split
(as it appears at present), this would be a justification; if not, not. Another
question is that since there are supersymmetric transitions between com-
pactifications with different topology, one should not even take for granted
that the master vacuum is concentrated on a single topology, though this
seems plausible because such transitions change the fluxes and tadpole con-
ditions.49
6. From hyperchemistry to phenomenology
Granting that the dynamics of eternal inflation and the master vacuum
are an important part of the vacuum selection problem, it would be very
useful to develop an intuitive picture of this dynamics. Let us suggest such
a picture based on the assumptions stated above.
The starting point is to think of the various structures which lead to
the gauge-matter sectors relevant for low energy physics – groups of cy-
cles and/or intersecting branes – as objects which can move in the extra
dimensions. The idea is that we are trying to describe a distribution on a
pseudo-moduli space of nearly supersymmetric vacua, and the moduli cor-
respond to sizes of cycles, positions of branes, and the like. Of course, the
background space in which they move will not be Euclidean or indeed any
fixed geometry, and a really good picture must also take into account this
geometrical freedom. But, with this in mind, a picture of objects moving
e A recent paper on such sectors is Ref. 57.
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in a fixed six dimensional space can be our initial picture.f
Next, the most important dynamics which could influence the tunnelling
rates is the possibility that, as the moduli vary, new light fields come down
in mass, perhaps coupling what were previously disjoint matter sectors.
In the brane picture, this will happen when groups of branes come close
together. Again, in the most general case, this can happen in other ways,
such as by varying Wilson lines, but let us start with the simplest case to
picture.
The dynamics is thus one of structured objects (groups of cycles and
intersecting branes) moving about in the extra dimensions, and perhaps
interacting when they come near each other, a sort of chemistry of the
extra dimensions. By analogy with the familiar word ‘hyperspace’, we
might call this ‘hyperchemistry’. As in chemistry, while the structures
and their possible interactions are largely governed by symmetry (here the
representation theory of supersymmetry), questions of stability and rates
are more complicated to determine, though hopefully not intractable.
The basic objects or molecules of hyperchemistry are “clusters” of
branes and cycles which intersect topologically. These translate into chiral
gauge theories in the low energy effective theory. Two groups of branes and
cycles which do not intersect topologically are in different clusters; these
can interact gravitationally, at long range, or by having vector-like matter
become light, at short range.
Although the nature and distribution of the clusters is not known in four
dimensions, it was recently worked out for F theory compactifications to six
dimensions with eight supercharges.54 It turns out that the minimal clus-
ters give rise to certain preferred gauge theories with matter which cannot
be Higgsed, for example SU(2)×SO(7)×SU(2) with half-hypermultiplets
in the (2, 8, 1) ⊕ (1, 8, 2), or E8 with no matter. Thus a Calabi-Yau with
many cycles will give rise to a low energy theory with many clusters. A
similar picture (though with different clusters) is expected to be true for
compactifications to four dimensions as well.g
As a simple picture of the dynamics, we can imagine the clusters mov-
ing around in the extra dimensions, occasionally undergoing transitions
(tunnelling events) which change their inner structure. Thus, we have a
fixed set of chiral gauge theories, loosely coupled to each other through
f Although F theory postulates a fourfold, i.e. an eight real dimensional space, two of
these dimensions are a mathematical device used to represent a varying dilaton-axion
field. The actual extra dimensions are six dimensional.
gD. Morrison, private communication.
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bulk gravitational interactions. Occasionally, two clusters will collide, lead-
ing to vector-like matter becoming light. This enables further transitions
such as Higgs-Coulomb or the more complicated extremal transitions in the
literature.
To some extent, the details of the extra dimensional bulk geometry
would not be central to this picture; one could get away with knowing
the relative distances and orientations between each pair of clusters. Our
previous simplifying assumption that the clusters are moving in a fixed extra
dimensional geometry would imply many constraints on these parameters,
which to some extent would be relaxed by allowing the extra dimensional
geometry to vary as well. In this way our picture could accomodate all of
the relevant configurations.
Granting this picture, how might the master vacuum tunnel to an an-
thropically allowed vacuum? Now the Standard Model is a chiral gauge
theory, and we know various ways to make it up out of branes and cycles,
in other words as a cluster. It is a cluster of moderate complexity, which
within F theory can be obtained by resolving singularities of a sort which
appear naturally in fourfolds. Thus, it is natural to imagine that such
clusters are already present in the master vacuum. On the other hand,
the master vacuum has an extremely small supersymmetry breaking scale,
probably due to dynamics in a single cluster, with no reason to have large
couplings to the Standard Model cluster.
Thus, the simplest dynamics which could create an anthropically al-
lowed vacuum involves two steps – the supersymmetry breaking cluster is
modified to produce a larger scale of supersymmetry breaking, and its in-
teractions with the Standard Model cluster are enhanced to produce the ob-
served supersymmetry breaking. The first step is the one which should an-
swer questions about the underlying scale ΛSUSY of supersymmetry break-
ing, while the second will determine its mediation to the observable sector.
Regarding the first, it is reasonable to expect some high scale vacua
stabilized by tuned structure in the potential as in Ref. 29, with number
growing as Λ12SUSY for reasons explained there. The number of these com-
pared to low scale vacua with ΛSUSY exponentially small is not yet clear.
However, granting that the master vacuum must be one with extremely
small ΛSUSY , it is already a low scale vacuum, and thus the transition of
the first step can easily be one which produces a low scale vacuum, per-
haps by varying a single flux and thus the gauge coupling appearing in the
exponential. Even if high scale vacua can also be produced in comparable
numbers, their disadvantage in solving the hierarchy problem will remain.
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A possible loophole would be if the mediation to the Standard Model was
somehow suppressed, which seems unlikely as we argue shortly.
As for the origin of the Standard Model, these pictures suggest that it
would be realized by a single matter sector in a localized region of the extra
dimensions, in other words a local model. This is not because it must make
sense in the decoupling limit, but rather because this is the most likely way
for it to be produced by cosmological dynamics. Furthermore, there is no
reason that the supersymmetry breaking sector must be near the Standard
Model sector or share mattter with it. This suggests that supersymmetry
breaking is generically mediated by supergravity interactions.
The generic estimate for scalar masses in supergravity mediation is
M0 ∼ F/Mpl. This might be smaller if the two sectors were “far apart” in
the extra dimensions, but there is no known dynamics that would favor this.
As we discussed in section 2, other proposals for how this could be smaller
such as sequestering are not presently believed to be generic in string the-
ory. On the other hand, it is possible for the supersymmetry breaking
cluster and the Standard Model cluster to approach very closely so that
the mediation is larger. In fact they must be closer than the string scale
and thus (from brane model intuition) they will be coupled by vector-like
matter, leading to a gauge mediation scenario. While this is possible, since
it is continuously connected to the gravitational mediation scenario, distin-
guished only by varying moduli, it requires additional tuning compared to
gravitational mediation.
The upshot is that gravity mediation with M0 ∼ F/Mpl seems favored,
unless there is some reason that more of the alternative models satisfy the
anthropic constraints. This question deserves close examination by those
more expert in the field than myself, but I know of no major advantage
in this regard. Indeed, one might expect gauge mediation to lead to small
M3/2 and a cosmological moduli problem. The picture also suggests that
the F terms are of the type giving rise to small gaugino masses, since they
arise in a hidden matter sector.
We now recall the beyond the Standard Model part of our argument.
This was to compare what seem to be the two likeliest candidate solutions
of the hierarchy problem, namely the natural supersymmetric scenario, and
the scenario with ΛSUSY ∼ 30−100TeV and then an additional fine tuning.
The claim is then that the additional 10−5 or so of fine tuning gained by
naturalness is more than lost by the difficulty of solving the cosmological
moduli problem, as well as meeting the other anthropic constraints, which
are much stronger in the far more complicated natural supersymmetric the-
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ories. While this claim is hard to argue in the absence of any knowledge
about higher energy physics, if we believe we know the right class of theories
to look at on top-down grounds, we can argue it. The class of extensions of
the Standard Model which can be realized as local models in string/M the-
ory, interacting with a supersymmetry breaking sector, is probably narrow
enough to allow evaluating the bottom-up argument, and making it quan-
titative. As it happens, for the question of whether we will see gauginos at
LHC, it makes a great difference whether we expect ΛSUSY ∼ 30TeV or
100TeV and whether F terms couple to observable gauge couplings, and it
would be great if the arguments could reach that level of detail.
To summarize the overall picture at this point, it is that we have three
sources of information about how string/M theory could describe our uni-
verse. Traditional particle phenomenology and astroparticle physics are of
course bottom-up and motivate model building within broad frameworks
such as quantum field theory and effective Lagrangians. Another source is
top-down, the study of compactifications and their predictions for “physics”
broadly construed. The results can be summarized in effective Lagrangians,
tunnelling rates between vacua and the like, and statistical summaries of
this information for large sets of vacua. This is a “mathematical” definition
of the landscape which could in principle be developed ab initio, accepting
only the most minimal real world input. Finally, there is the dynamics of
early cosmology, by which the various vacua constructed in the top-down
approach are created. This subject is still in its infancy – although we have
pictures such as eternal inflation which might work, the details are not yet
well understood, and there are variations and competing pictures yet to be
explored. Simplified pictures such as hyperchemistry could help us to think
physically about this dynamics.
Unless the data improves dramatically, it seems to us that all three
sources must be combined to make real predictions from string/M theory.
One must understand the set of vacua or at least those near the master
vacuum. One must understand the dynamics of early cosmology and pre-
sumably tunnelling rates between vacua. In general these problems will
have little or nothing to do with either Standard Model or beyond the
Standard Model physics, because the relevant dynamics is at completely
different energy and time scales. The other part is anthropic, but given the
vagueness and difficulty of working with the anthropic principle it is prob-
ably better to simply call it “bottom-up” and require that we match some
or all of the data to hand. The main difference with the existing paradigm
in phenomenology is that we can use the top-down and early cosmology
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information to make a well motivated definition of naturalness, so that if
reproducing the data requires postulating an unnatural vacuum, then we
have evidence against the theory. All this is a long range project, but I
think we are at the point where we can begin to work on it.
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